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HCP Matrix In-situ Composites 
Abstract 
In-situ composites were produced in both Ti matrix (Ti-20Y) and Mg matrix (Mg-20Ti, Mg- 20Nb, Mg-20Fe, 
and Mg-8Li) alloys. In Ti-20Y, a < 1010 > fiber texture formed in both the Ti and Y phases, and UTS 
increased from 240 MPa (as-cast) to 950 MPa after deformation processing to a true strain of 7.3. 
Deformation processing produced smaller UTS increases in the Mg-matrix composites, but they showed 
exceptional resistance to weakening from exposure to elevated temperatures. The Mg-20Fe, Mg-20Nb, 
and Mg-20Ti composites tolerated 6-hour exposure to 400°C with no reduction in their 250 to 300 MPa 
room temperature UTS. All composites studied had excellent ductility and machinability. 
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In-Situ Composite Cu-X Alloys 
Backi:round 
During the past several years, a new class of copper-refractory metal alloys (Cu-X) has been 
developed with extraordinary mechanical and electrical properties [1-3) . These alloys, comprised 
of Cu (fee) with 10% to 30% element X (where Xis a bee metal immiscible in Cu such as Nb, 
V, Ta, Cr, or Fe), are severely deformed to produce a nanometer-scale microstructure of X 
filaments (when deformed by drawing) or lamellae (by rolling) in the Cu matrix. The Cu-
20%Nb system is the most thoroughly studied of these alloys and has ultimate tensile strengths 
exceeding 2000 MPa after deformation to a true strain of Tl = 12 (where Tl =In [initial cross 
sectional area I final cross sectional area]) [ 4]. 
Properties 
The Cu-X alloys are characterized by remarkable ductility, which allows cast or powder 
processed starting billets to be deformed to as much as Tl = 13.4 before breaking [S] . Such 
deformations represent more than an 800-fold reduction in diameter and are accompanied by a 
concomitant reduction in the thickness and spacing of the X phase. Thus, an as-cast billet of Cu-
20Nb, displaying Nb dendrites of average thickness S µm and average spacing 25 µm, may be 
deformation processed at room temperature into a wire with Nb filaments averaging 7 nm thick 
and 12 nm apart [6]. Such in-situ processed composite alloys have strengths substantially higher 
than those of any other Cu alloy. Debate continues on the mechanism(s) which account for the 
very high strengths of the Cu-X alloys [7-11 ], but discussion centers around the role of the 
nanofilamentary X structure in impeding propagation and motion of dislocations in both the Cu 
and X phases. 
In-Situ Composite Ti Alloys 
Introduction 
In this study, deformation processing of an hep/hep Ti-Y composite was performed in the hope 
that a non-cubic deformation processed composite (DPC) might provide insights into the 
fundamental mechanism(s) of in-situ strengthening. In addition, if strengths comparable to those 
seen in the Cu-matrix composites could be achieved in the Ti-Y system, a potentially useful low 
density, high strength composite might result. 
Material Processin& 
A Ti-20 vol. % Y composite (Ti 99.9% pure, Y 99.8% pure) was deformation processed to true 
strains of 12.8, where true strain Tl is defined as ln(areaorigina1/areafina1). The Ti used for this 
casting was 99.9% pure (210 wt ppm 0), and the Y was 99.8% pure (976 wt ppm 0). This 
74mm diameter Ti-20Y specimen and an accompanying 74 mm diameter control specimen of 
pure Ti cast from the same Ti stock were welded into an evacuated steel can and extruded at 
800°C through a 3: 1 reducing die (Tl = 2.25). The extruded specimens, still within steel outer 
sleeves, were then swaged at room temperature. Swaging was performed in stages with a 60% 
reduction in cross sectional area by swaging followed by a 30-minute stress-relief anneal in air at 
700°C; this was in turn followed by another 60% reduction and another stress-relief anneal at 
700°C, and so forth until the specimens had been reduced to a 2.Smm diameter (Tl = 6.8). 
At a diameter of 2.Smm, both specimens were placed in a H2 S04 acid bath to etch away the steel jackets and expose the Ti-20Y and pure Ti . The deformation processing of the pure Ti was 
stopped at this point, and the Ti-20Y composite was deformed further by room temperature 
drawing in dies with an 8° taper reducing the diameter by 20% in each pass. The wire drawing 
followed a similar precept to that used in swaging: 60% reduction in area, followed by a 30 
minute anneal in an inert atmosphere at 700°C. , repeated several times until the specimens 
reached a final diameter of O. l 27mm (Tl = 12.8). 
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A different deformation process was performed on a portion of the Ti-20Y composite and a 
portion of the pure Ti control specimen. These specimens (hereinafter referred to as "second 
generation" specimens) were removed from the deformation process described above at Tl= 5.03 
and hot swaged at 700°C to Tl = 5.71. Still encased in their steel jackets, these specimens were 
then swaged at room temperature to Tl = 10.0 with periodic 20-minute anneals at 600°C after each 
25% reduction in cross sectional area. Throughout the deformation process coupons were 
removed from the specimens at several intermediate diameters for tensile testing, SEM and TEM 
examination of the microstructure, gas fusion analysis, and x-ray texture analysis. 
Testing Procedures 
Tensile Testing. For all tensile tests, a value of engineering ultimate tensile strength was 
calculated from the quotient of the applied maximum load and the initial cross sectional area of 
the specimen. Ductility was calculated for each specimen by measuring the area of the fracture 
surface in a traveling microscope and comparing that area to the original cross sectional area of 
the specimen to calculate the percent reduction in area. 
Gas Fusion Analysis. Although the mechanical properties of Y are relatively insensitive to the 
presence of interstitial impurites (0, H, C, and N), Ti is substantially strengthened and embrittled 
by small increases in the concentrations of these elements [ 12, 13]. Consequently, analysis for 0 
and N (the most likely of these interstitial solutes to contaminate the specimens from air leaks in 
vacuum systems) was conducted to assure that any strength increases observed were not caused 
by diffusion of 0 or N into the metals. 
Microstructure. The Ti-20Y composite displayed progressively finer microstructure with 
increasing amounts of deformation. The as-cast microstructure was characteristic of two 
immiscible metals (Figure 1). 
Figure I: Scanning electron microscope (SEM) back-scattered electron micrograph of as-cast Ti-
20Y. The dark phase is Ti; the light phase is Y (pitted in places by the polishing agents). 
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Initial hot work changed the original dendritic structure to a filamentary structure similar to that 
observed in Cu-X in-situ composites. The size and spacing of the kinked, ribbon-shaped 
filaments decreased with continuing deformation up through T\ = 7.27, resulting in a 
nanofilamentary microstructure (Figure 2). 
Figure 2: Conical scan dynamic dark field TEM micrograph ofTi-20Y deformation processed to 
T\ = 5.03 and sectioned transversely. The light gray areas are Ti, and the dark gray areas are Y. 
Figure 3: Bright fieldTEM micrograph of Ti-20Y deformation processed to TJ = 12.3, annealed 
at 700°C, and sectioned transversely. Note the generally equiaxed grains and the lack of 
filamentary microstructure as compared to Figure 2. 
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At the highest levels of deformation (TJ > 12), the phases assumed the equiaxed structure seen in 
Figure 3, presumably as a result of recrystallization during the many stress relief anneals 
performed on these specimens in the course of their cold drawing. The pure Ti control specimen 
was coarse grained in the as-cast condition, and the ini tial deformation reduced the grain size 
approximately tenfold . No grain size measurements were performed on the pure Ti control 
specimens at deformations greater than TJ = 5.03. The phase size measurements are shown in 
Table I. 
Table I. Average phase sizes measured by optical microscopy (OM), 
SEM, and TEM for the Ti control and Ti-20Y 
Ti-20Y 
True Strain Pure Ti Average Average Ti Ti-20Y Ti-20Y 
(TJ) Grain Diameter Phase Thick- Average Y Phase Average Phase (µm) ness (µm) Thick-ness (µm) Diameter (µm) 
0 760(0M) 9.6(SEM) 2.4(SEM) -
2.25 65(0M) 3.8(SEM) 0.96(SEM) -
5.03 70(0M) 0.69(TEM) 0.17(TEM) -
7 .27 - 0.16(TEM) 0.04l(TEM) -
12.2 - - - 0.23(TEM) 
12 .8 - - - 0.20(TEM) 
Tensile Properties. As would be expected, deformation processing substantially increased the 
ultimate tensile strength (UTS) of both the Ti-20Y composite and of the pure Ti control 
specimen. Figure 4 shows that the Ti-20Y composite more than tripled in UTS as TJ increased 
from 0 to 7.27 , similar to the UTS increase seen in Cu-20Nb for similar TJ values. The 
maximum in this plot is seen at the highest deformation level (TJ = 7.27)where the kinked ribbon-
shaped phases were observed. At greater values of TJ , the recrystallized phases were 
approximately equiaxed and strength decreased. Ductilities were relatively high for all the Ti-
20Y specimens, ranging from 36% to 63% reduction in area at the fracture surface. The Y 
second phase confers a major improvement in machinability to the Ti-20Y composite as 
compared to pure Ti; the Ti-20Y machining characteristics are similar to those of mild steel. 
The UTS of the pure Ti control specimen (Figure 5) also increased with deformation processing, 
with a maximum at the same TJ = 7.27 level as the maximum of the Ti-20Y. The pure Ti 
specimens were ductile, ranging from 63-88% reduction in area at the fracture surface. 
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Figure 4: Ultimate tensile strength versus deformation processing of Ti-20Y composite by 
extrusion, swaging, and wire drawing. 
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Figure 5: Ultimate tensile strength versus deformation processing of the pure Ti control 
specimen by extrusion, swaging, and wire drawing. 
Interstital Content. Gas fusion analyses showed that the 0 and N increases observed in the 
specimens as a result of the deformation and annealing treatments are relatively modest. Over the 
range of values seen (about 450 wt ppm increase), 0 raises the ultimate tensile strength in Ti by 
approximately 35 MPa (13); and in Y the addition of 450 wt ppm 0 would have no discernible 
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effect on ultimate tensile strength [ 12]. Since 35 MPa is quite small compared to the amount of 
change observed in ultimate tensile strength during deformation processing, the effect of 0 
content change was assumed to be a minor contributor to the observed changes in ultimate tensile 
strength. 
X-ray texture. X-ray texture pole figures taken on transverse sections of the as-cast Ti-20Y and 
pure Ti specimens showed no significant texture. After deformation began, however, a strong 
< IOlo > fiber texture was observed in transverse specimens of both the pure Ti control 
specimen and in the Ti and Y phases of the Ti-20Y composite throughout the deformation 
processing range 2.25 $Tl$ 7.27. The <!Ola> fiber texture is normally observed in drawn Ti 
[14], and its occurrence in drawn Y has been less thoroughly studied [15] but seems a likely 
texture for Y since its c/a ratio is identical to that of Ti. 
The Effect of Texture on Deformation Processing Behavior 
Texture in Cu-X Composites. In drawn Cu-X deformation processed composites (where Xis a 
bee transition metal second phase insoluble· in Cu), the second phase typically forms a <110> 
fiber texture while the Cu matrix develops a <111> fiber texture often accompanied by a <001> 
fiber texture [16-19]. In a bee crystal with a <110> fiber texture, two of the four <111> 
directions (the [1l1] and the [1l1]) are positioned perpendicular to the center line and thus cannot 
slip. All slip is limited to the remaining two <111> directions (the [111] and the [Ill]) which lie 
opposite one another across the specimen center line, thus limiting the bee phase to plane strain 
[I, 20]. The fee Cu matrix, however, can readily deform axisymmetrically with either the <111> 
or <00 I> fiber texture, since these orientations possess three and four slip directions respectively 
to accommodate plastic flow. The Cu-X deformation processed composites are therefore 
characterized by plane straining bee second phases embedded in a Cu matrix whose several active 
slip systems can accommodate the changing filament aspect ratios of the second phase. 
The axisymmetrically deforming fee Cu surrounding the plane straining bee filam~nts constrains 
the X filaments and results in a curling and folding effect similar to that seen in Figure 2. Thus, 
for an equivalent amount of deformation, Cu-X deformation processed composites have a much 
thinner effective filament thickness and a much larger interfacial area than do fee-fee deformation 
processed composites like Ag-<;:u or Ag-Ni. The deformation processed Ag-Cu wire of 
Frommeyer and Wassermann [21] was comprised of I 00% fee fibers which deform 
axisymmetrical\y, and these specimens achieved much lower maximum UTS values (1250 to 
1400 MPa) even at filament thicknesses as small as 12 to 25nm. Bevk, et ali.:i [I] suggested that 
the presence of a plane straining phase is one of the reasons for the superior strength of the Cu-X 
composites. 
Texture in Ti-20Y Composite. In the Ti-20Y deformation processed composite, the 
observed< JOJO> fiber texture in both the Ti and the Y limits both .the Ti matrix and the Y 
second phase to plane strain . This results from the orientation of the two active slip systems in 
Ti (and presumably in Y as well) at room temperature. In a study of deformation mechanisims 
active in Ti, Anderson, Jillson, and Dunbar [22] found that two slip systems are active in pure Ti 
at room temperature. The critical resolved shear stress (CRSS) for slip in the .< 1120 > direction 
on the (0002) basal plane was found to be 110 MPa, and the CRSS for slip in the < 1120 > 
direction on the {JO lo} first order prism planes was found to be 50 MPa. 
With a CRSS of 110 MPa in the (0002) < 1120 > slip system in Ti, it is not surprising that Ti 
textures to optimize slip on the {JOJO} < l JZo > slip system, where the CRSS is lower at 50 
MPa. It seems likely that Y, with the same low c/a ratio as Ti, would behave similarly. With the 
<JOJO> fiber texture observed for both Ti and Yin this experiment, applying Schmid's Law to 
calculate the shear stress for basal plane slip yields a CRSS of 0, thus basal slip would not occur 
in a < JOJO> .fiber textured rod. If Schmid's Law is applie.d to the {JO lo}< J 120 > slip system 
in a rod with the <JOJO> fiber texture, a resolved shear stress of 0.433cr is found, and this slip 
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system must be the active one in axisymmetrically deformed specimens with the < JOJO> fiber 
texture. 
There is a striking similarity between the arrangement of available slip systems in a hexagonal 
close-packed lattice with the < JOJO> fiber texture and the body-centered cubic lattice with the 
<110> fiber texture. Both situations limit slip to two directions that are opposite one another 
across the rod center line (as compared with the three or four slip directions possible in a fee 
lattice), and both would be expected to result in plane strain of each individual phase within the 
composite specimen. Thus, this analysis would predict that a deformation processed composite 
comprised of hexagonal close-packed metals would undergo the same filament shaping processes 
that have been observed in the bee filaments of Cu-X composites. Since both the Ti and the Y 
are limited to plane strain in the < IOJo > fiber texture orientation, the twisted ribbon shape seen 
in the bee filaments of Cu-X composites would be expected for all phases in the Ti-Y composite. 
The very thin filaments with exceptionally large interfacial boundary area inherent in such phase 
morphology might in turn produce the anomalous strengthening observed with the fee/bee Cu-X 
composites but absent in the fee/fee composites such as Ag-Cu [21 ). Indeed, the increase in 
strength observed for the Ti-20Y composite in Figure 4 is quite similar to that observed in the 
Cu-20Nb composites [1,4) over the range 0:::; Tl:::; 7.27. At Tl values greater than 7.27, the Ti-
20Y composites recrystallized at higher annealing temperatures or broke apart when lower 
annealing temperatures were employed, preventing the higher TJ value comparison between Cu-X 
and Ti-Y composites which would be of greatest interest. 
Geometric Factors Limiting Ti-20Y Deformation Processing. One possible explanation for this 
inability of the Ti-20Y composite to tolerate very large strains is the geometric difficulty of fitting 
a material comprised of 100% plane straining phases within a cylinder whose radius diminishes 
as deformation progresses. A large shape change occurs from deforming a phase of Ti or Y 
through a true plane strain of 5. Such a phase elongates in the vertical dimension and narrows in 
one (the < 1120 >) of the two transverse dimensions while the other transverse dimension (the 
<000 I>) remains unchanged. Assuming no volume change during this deformation, a phase 
drawn to deform by plane strain to a total strain of Tl = 5 would elongate to 150 times its original 
height and reduce its thickness by more than 99%. Fitting many such plane straining ribbons 
into an overall cylindrical specimen shape is a formidable geometric problem even with the 
folding possible by basal slip, and it may become essentially impossible to fit such phases into a 
contiguous, void-free arrangement at high true strains [23). 
In-Situ Composite Mg Alloys 
In this study, deformation processing of Mg-X binary composites (hep/bee and hep/hep) were 
performed in the hope that a non-cubic deformation processed composite (DPC) might provide 
insights into the fundamental mechanism(s) of in-situ strengthening. In addition, if high 
strengths and elevated temperature stability were achieved, a potentially useful ultra-low density 
composite might result. 
Material Processing 
Powder Processing. Three compositions (Mg-20 vol% Ti, Mg-20 vol% Nb, and Mg-20 vol% 
Fe) were prepared by ball milling -40 mesh Mg powder with -100 mesh Mg powders of Ti, Nb, 
or Fe for 4 hours in liquid nitrogen using 6 mm diameter steel balls in a conventional Svegari 
attriter mill. The composite powder particulate exhibited a particle size in the range of 3.0 µm to 
17.4 µm and were irregular in particle shape. 
The milled powders were then pressed into 25 mm diameter cylinders of height 12 mm to 19 mm 
at 83 MPa in a hydraulic press at room temperature. The pressed powder compacts were stacked 
into a thick-walled copper can lined on the interior with Ta foil and hot isostatically pressed 
(HIP'd) at 138 MPa at 400°C for 90 minutes. The HIP'd assembly was then placed inside a 
second copper can of 51 mm outside diameter and extruded at 350°C through a 13.5 mm 
diameter die to produce copper-clad rods of the Mg-20Ti, Mg-20Nb, and Mg-20Fe composites. 
The copper sleeves were machined from these rods, and they were cold swaged to a final 
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diameter of 1.55 mm (Tl = 5.1) in the cases of Mg-20Ti and Mg-20Nb and to a final diameter of 
2.03 mm (ri = 4.67) in the case of Mg-20Fe. Stress relief anneals of 20 minutes at 275°C in 
vacuum were used after every 20% reduction in area by swaging to maintain adequate ductility 
for further deformation processing. Coupons were taken from each of these three alloys 
periodically during the swaging process for SEM examination and for tensile testing. 
Conventional Processin&. The fourth composition investigated was a Mg-8 wt% Li alloy 
prepared by vacuum co-melting the two pure elemental metals (Mg and Li) in a Ta crucible and 
solidifying the melt in the crucible. The resulting Ta-clad cylinder of 20 mm diameter and 76 mm 
length was swaged at 3 I 5°C to a final diameter of 7. 9 mm. The Ta sleeve was then machined 
away. Swaging of the bare Mg-8Li rod continued to a final diameter of 0.74 mm (rt =6.64) with 
stress relief anneals at 275°C in vacuum for 20 minutes after every 50% to 70% reduction in area 
by swaging. Larger swaging reductions between stress anneals were possible with the Mg-8Li 
alloy than with the Mg-20Ti, Mg-20Nb, and Mg-20Fe materials due to the extraordinary room 
temperature ductility of the Mg-Li material. Coupons were taken periodically from the Mg-8Li 
specimen as the deformation processing proceeded for SEM examination and for tensile testing. 
Testin& Procedures 
Tensile Testin&. For all tensile tests, a value of engineering ultimate tensile strength was 
calculated from the quotient of the applied maximum load and the initial cross sectional area of 
the specimen. 
Elevated Temperature Stability Testin&. As a demonstration of the high-temperature stability of 
the immiscible Mg-transition metal materials (i .e. Mg-20Ti, Mg-20Nb, and Mg-20Fe), tensile 
specimens were machined from the Mg-20Ti and Mg-20Nb rods after deformation processing to 
ri = 5.1 ( 1.55 mm diameter). Tensile specimens were also machined from the Mg-8Li material 
for comparison purposes, since Mg and Li are mutually soluble over extended composition 
ranges. The Mg-8Li specimens were machined from rods deformation processed to ri = 5.7 
( 1.17 mm) . One group of specimens from each material was held at 300°C in vacuum for 24 
hours and then tensile tested at room temperature. A second group of these tensile specimens 
was held at 400°C in vacuum for 6 hours and then tensile tested at room temperature. The 
specimens exposed to elevated temperatures were also examined by SEM and OM to determine if 
mechanical properties could be related to microstructural changes. 
Microstructure. Mg is mutually immiscible with Ti , Nb, and Fe, and the Mg-20X materials 
consisted of a two-phase mixture of Mg with the transition metal uniformly dispersed throughout 
the matrix during the entire preparation and deformation process. The initial hot working 
followed by cold working with stress relief anneals changed the original microstructure of the 
cold-pressed powders to a filamentary structure aligned to the rod axis similar to that observed in 
the Cu-X alloys . As deformation continued, the composites displayed progressively finer 
microstructures. Exposing the Mg-20X materials to 300°C for 24 hours or 400°C for 6 hours did 
not change the composite microstructure (Figure 6). 
Mg and Li are miscible over significant composition ranges, and the solidified 
microstructure consisted of a 50:50 mixture of the Li-lean a-phase (Mg-5Li) with the Li-rich ~­
phase (Mg-11 Li). The initial hot working followed by cold working with stress relief anneals 
changed the microstructure of the as-cast material to a filamentary structure aligned to the rod axis 
(Figure 7) similar to that observed in the Cu-X alloys. As deformation continued, the Mg-8Li 
composite displayed progressively finer microstructures, but exposing the material to 300°C for 
24 hours or 400°C for 6 hours significantly coarsened the microstructure (Figure 8). 
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Figure 6: SEM back-scattered electron micrograph of Mg-20Ti deformed to Tl = 5.1 and 
sectioned longitudinally. Notice that the microstructure does not change significantly between 
the as-deformed material (left) and the material annealed in vacuum at 400°C for 6 hours (right). 
The dark gray areas are Mg and the light gray areas are Ti. 
Figure 7: Optical micrograph of Mg-8Li deformed to Tl = 5.7 and sectioned transversely (left) 
and longtudinally (right) to the rod axis. The microstructure of the composite material is similar 
to that observed in deformation processed Cu-X alloys. 
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Figure 8: Optical micrograph of Mg-8Li deformed to Tl = 5.7 and heated to 300°C for 24 hours 
in vacuum. The microstructure of the composite material coarsened significantly when compared 
to the as-deformed microstructure in Figure 7, as seen in these transverse (left) and longitudinal 
(right) sections. 
The micrographs in Figures 7 and 8 clearly demonstrate that deformation processing Mg-8Li 
produced an elongated filamentary microstructure. However, this microstructure was not stable 
at 300°C or 400°C for any extended period of time, unlike the Mg-transition metal materials (e.g. 
Mg-20Ti). Because Ti, Nb, and Fe are refractory metals immiscible in Mg, the filaments of the 
transition metals coarsen slowly even at elevated temperatures. The Mg-8Li, on the other hand, 
with extended solubilities in both the a and p phases, coarsens rapidly at elevated temperatures. 
The microstructure of conventional Mg alloys also changes when exposed to elevated 
temperatures, since most of the commonly used Mg alloys are precipitation strengthened and the 
precipitates dissolve when the material is exposed to higher temperatures. In conventional Mg 
alloys, there is also a corresponding loss of mechanical properties at higher temperatures [24). 
Tensile Properties. As expected, deformation processing increased the UTS of each Mg-X 
binary alloy (Figure 9), most notably for the Mg-20Ti and Mg-20Fe which reached strengths in 
the range of 250 MPa to 280 MPa at Tl = 5.1 . Mg-8Li, the most ductile of the binary alloys, also 
reached strengths above 250 MPa at Tl= 6.7. 
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Figure 9: Ultimate tensile strength of Mg-X binary alloys versus deformation processing by 
extrusion and swaging. Tensile tests were performed at room temperature. 
Tensile specimens of Mg-20Ti, Mg-20Nb, and Mg-8Li were annealed at 300°C for 24 hours and 
at 400°C for 6 hours to determine if the mechanical properties were lost during anneals at elevated 
temperatures. Figure I 0 shows the room temperature UTS of these materials following the high 
temperature anneals. Surprisingly, Mg-20Ti and Mg-20Nb increase slightly in strength 
following the 300°C and 400°C anneals, reaching strengths of over 300 MPa for Mg-20Ti and 
over 250 MPa for Mg-20Nb. Conventional Mg alloys often lose their room temperature strength 
when exposed to elevated temperatures due to dissolution of their precipitates [24] . The strength 
retention of the Mg-20Ti and Mg-20Nb alloys is presumably due to the stability of the 
microstructure at 300°C and 400°C; since the microstructure remains unchanged, the materials 
retain their strength. 
The Mg-8Li material, however, lost considerable strength when annealed in vacuum at 300°C for 
24 hours and 400°C for 6 hours (Figure 10). It is believed this decrease in strength is directly 
related to the coarsening observed in the annealed Mg-8Li samples shown in Figure 8. 
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Figure I 0: Room temperature strength of Mg binary alloys after annealing at 300°C for 24 hours 
and at 400°C for 6 hours. 
This experiment gives support to the theory that the strength of deformation processed 
composites (DPCs) like Cu-X, Ti-X, and Mg-X is not entirely dependent on high dislocation 
densities. In Mg-20Ti and Mg-20Nb, the dislocation densities must certainly decrease following 
the anneals at 300°C and 400°C, yet their strengths have increased. This indicates that the 
strength found in DPCs is related to their microstructure but not necessarily to the dislocation 
density found in the material. 
Prospects for Deformation Processing Non-fee Metal-Metal Matrix Composites 
Rod and Wire Production. The results from the Ti-20Y study suggest that it may be difficult to 
extrude, swage, or draw any metal-metal matrix composite to very high Tl values in the absence 
of at least one "accommodating" phase like the fee Cu in Cu-X that has a sufficient number of 
active slip systems to avoid plane strain geometric fitting limitations. Thus, many of the possible 
deformation processed composites consisting of immiscible hep/hep, hep/bee, or bee/bee 
combinations may be rather stringently limited in their maximum attainable Tl values if they 
deform exclusively by plane strain. Since most metallic elements are not fee, such a conclusion 
suggests a major limitation to the prospective engineering applications of deformation processing 
to commercially useful alloy systems. 
There are, however, still means available to produce deformation processed composites without 
fee phases, including the following: 
I . By starting the deformation processing with a specimen possessing exceptionally fine 
dendrites (by casting with melt spinning or similar techniques) or powder particle 
sizes (by mechanical alloying, CIP, and/or HIP processing), one might achieve a 
filamentary microstructure in the range of tens of nanometers after deformation 
processing to relatively modest true strains. 
2 . By deformation processing hep or bee matrix composites at carefully selected elevated 
temperatures, one might be able to avoid recrystallization and coarsening while 
benefitting from the additional slip systems (to permit axisymmetric strain rather than 
plane strain) which become active at elevated temperatures. This strategy may be 
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particularly effective in bee metals, where alternative slip systems are available with 
only modestly higher resolved shear stresses. 
3 . Deformation processing by rolling the composite into sheet rather than swaging or 
drawing the composite into rod/wire forms would presumably avoid the geometric 
constraint of fitting plane straining phases into a cylindrical specimen shape. In rolled 
sheet, both the Ti and Y phases would be free to assume the natural lamellar shape 
that results from plane strain . 
Mg-20Nb and Mg-20Fe probably are better suited to extrusion, swaging, and wire drawing to 
high Tl levels than Ti-20Y since they are hep/bee materials. Mg-20Ti, on the other hand, is 
hep/hep and could face the same limitations as Ti-20Y regarding these types of deformation to 
high true strains. This problem could be overcome, however, by prodl\cing ternary alloys of 
Mg-Li-Ti . Li greatly improves the ductility of Mg by changing the lattice constants of the hep 
phase, and more than 5 wt% Li initiates the formation of the bee ~ phase, which has excellent 
ductility. Li also has the advantage of reducing the density of the already light (density 2.29 
g/cm3)Mg-Ti alloys. The ternary Mg-Li-Ti also could solve the problem of high temperature 
stability of the Mg-Li binary material (i.e. the Ti could impart stability to the microstructure). For 
these reasons, the authors have begun a study of a ternary alloy of Mg-Li-Ti with the goal of 
producing a light-weight structural alloy with excellent ductility and improved high temperature 
stability. 
Sheet Production. The commercial ramifications of the third item listed above are potentially 
large. Plate and sheet products are more useful in most engineering applications than rod or 
wire. If Ti and Yin a Ti-20Y composite acquire the rolling texture typically seen in pure Ti, they 
would form lamellae with the < toio > axis of the crystal aligned to the rolling direction and the 
<0001> direction tilted at a 20° to 40° angle to the sheet normal (14]. Such a texture would 
position the lamellae with their < I J2o > slip directions tilted 20° to 40° with respect to the 
lamellae boundaries. Thus a dislocation on the only available slip direction for either basal or 
prism slip could move only a relatively limited distance before encountering the next lamella in 
the sheet. This is in contrast to the situation in Cu-X sheet where the large number of available 
slip directions in the fee matrix permit some dislocations to run very large distances before 
encountering a Iamellar barrier. This is consistent with measurements on Cu-X sheet showing 
the strengths of sheet to be much lower than the strengths of wire (18]. By comparison, the 
strength increase observed in preliminary studies of rolling Ti-20Y (Figure 11) are consistent 
with this premise, although the T] values achieved to date are too low to be conclusive. 
The Mg-X materials should also be favorable for sheet and plate forming, since the binary alloys 
are based on an hep matrix. And if Li is added as a ternary element, the ductility and formability 
of the material improves significantly. However, it is not clear at this point if the Mg-based 
composite materials (hep/bee and hep/hep) will develop the same texture as the Ti-20Y (hep/hep) 
material, since the c/a ratio for Mg is higher than for Ti and because interactions between the hep 
and bee phases may have some effect on the sheet texture which develops. Also, Li additions 
alter the c/a ratio for the Mg a-phase and can activate other possible slip systems, so the resulting 
texture in a ternary material may differ significantly from the corresponding binary materials and 
from the Ti-20Y material. 
Overall, this study suggests that the prospect for producing rod or wire product of Ti-20Y by 
room temperature deformation processing of conventionally cast material appear to be limited at 
best. However, the potential exists to develop useful Ti-20Y (and possibly other hep/hep, 
hep/bee, or bee/bee) composites in plate/sheet form where the plane strain limitation of the 
deforming phases could be an asset to achieving high strength in a composite with excellent 
interphase bonding. This study also suggests that Mg-based in-situ composites have potential 
for use as low-density structural materials with exceptional resistance to weakening from 
exposure to elevated temperatures. 
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Figure 11 : Ultimate tensile strength increase ofTi-20Y with deformation by rolling. 
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